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1. Introduction 
~hromaffin granules, the secretory granules of the 
adrenal medulla, contain a membrane-bound, proton- 
translocating ATPase which, like the ATPase of mito- 
chondria, chloroplasts and bacterial plasma-mem- 
branes, is inhibited by DCCD and by the alkyl tins 
[ 1,2]. The transmembrane proton-gradient and mem- 
brane potential established by this enzyme are uti- 
lized in the accumulation of catecholamines by the 
granules [3,4]. Treatment of purified bovine chromaf- 
fin-granule membranes with dichloromethane solu- 
bilizes an ATPase which is very similar, but not iden- 
tical, to mitochondrial Fr-ATPase [5]. Since the 
solubilized chromaf~n-granule nzyme is not inhib- 
ited by DCCD or alkyl tin, it is probably derived 
from a complex with a membrane-bound segment, 
containing a proton-conducting channel which is 
blocked by these inhibitors. This idea is supported 
by kinetic studies and by reconstitution experiments 
[2,6,7]; furthermore, treatment of chromaffin- 
granule membranes with [i4C]DCCD, followed by 
SDS electrophoretic separation of membrane compo- 
nents and autoradiography of the electrophoreto- 
grams, reveals the labelling of a low Mr polypeptide, 
with a greater electrophoretic mobility than the 
DCCD-binding protein of mitochondria [2]. We now 
report isolation of this protein, and determination of 
its amino acid content. 
Abbreviations: ATP, adenosine 5’-triph(~sphate; ATPase, 
adenosine 5’-triphosphatase (EC 3.6.1.3); DCCD, N,iV‘- 
dicyclohexyl carbodi-imide; Hepes, N-2.hydroxyethyW’-2- 
ethane sulphonic acid; SDS, sodium dodecyl sulphate;n/lr, 
relative molecular mass 
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2. Materials and methods 
~hromaffin granule membranes of high purity 
were prepared as in [5]. ATPase activity was mea- 
sured at 30°C by following NADH oxidation in a 
coupled assay system containing 1 .O mM ATP, 
10 mM MgS04, 0.5 mM phosphoenol pyruvate, 
0.2 mM NADH, 5.5 units lactate dehydrogenase/ml 
and 4 units pyruvate ~nase~ml, 50 mM KC1 and 
50 mM Hepes-KOH (pH 7.4). Since the NADH oxi- 
dase activity of the membranes was -10 nmol . 
min-r . mg protein-‘, no correction was necessary. 
Protein concentrations were estimated by the method 
in [S]. SDS-Polyacrylamide gel electrophoresis and 
autoradiography were performed as in [2]. 
Determination of N-terminal amino acids was 
attempted after treatment of the purified protein with 
dansyl chloride in SDS [9]. The dansylated protein 
was hydrolysed (6 M HCl, 20 h, lOS”C), vacuum 
dried and redissolved in 50% aqueous pyridine. Dan- 
syl amino acids were separated by chromatography 
on polyamide plates, the solvents being 1.5% formic 
acid in the first dimension, toluene-acetic acid (9: 1) 
in the second dimension (run perpendicular to the 
first), and butyl acetate-methanol-acetic acid 
(3O:ZO:l) for the third separation, run in the same 
direction as the second. Amino acid analysis was per- 
formed on -10 nmol protein hydrolysed in 6 M HCI 
at 105’C for 40 h or 90 h. Amino acid separation was 
on a Locarte analyser, using a 3-buffer step elution 
system [lo]. Cysteine was measured at cysteic acid 
after performic acid oxidation [ 111. ~~‘-Dicyclo- 
hexyl-[14~]carbodi-imide (spec. act. 50 @i/ml) was 
supplied by CEA (Gif-sur-Yvette> 
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3. Results and discussion a 
3.1. Inhibition of chromaffin granule ATPase by 
DCCD 
Even high concentrations of DCCD (up to 
150 nmol/mg protein) produce only partial inhibition 
of the ATPase [ 1,2], but it was noted that incorpora- 
tion of label into a low M, protein was greatly stimu- 
lated when ATP was included during the preincuba- 
tions of the membranes with [14C]DCCD. Fig.1 shows 
that ATP also increases the rate and extent of inacti- 
vation of ATPase by DCCD. 
3.2. Extraction of the DCCD-binding protein 
The DCCD-binding proteins from many sources 
have been purified after extraction into chloroform- 
methanol mixtures [ 121 or into butanol [ 131. The 
protein from chromaffin-granules is extracted by 
chloroform-methanol (2: 1) (though not butanol) 
but the high lipid content of the chromaffin-granule 
membrane hinders subsequent isolation of the protein 
from the chloroform-methanol extract. This prob- 
lem was overcome by first extracting lipids from the 
membrane by treatment with acetone-ethanol (1: 1, 
v/v) then extracting the DCCD-binding protein from 
I I I I 
Fig.1. Effect of ATP on inhibition of chromaffin-granule 
membrane ATPase activity by DCCD. Chromaffin-granule 
membranes (1.0 mg protein/ml, in 0.1 M Hepes-NaOH 
(pH 7.0)) were incubated at 25°C with various concentra- 
tions of DCCD, and samples removed at intervals for assay. 
The initial ATPase activity was 420 nmol min-’ . mg pro- 
tein-’ at 30°C. Solid symbols, 10 mM ATP present during 
incubation; open symbols, no ATP. DCCD concentrations 
were: 0 (o,o), 10 (a,~), 25 (v,v) and 100 (n,m) nmol/mg 
protein. 
b 
Fig.2. SDS-polyacrylamide gel electrophoresis. (a) Extracts 
of chromaffin-granule membranes which had been treated 
with [‘4C]DCCD; gel stained for protein with Kenacid blue: 
(1) labelled membranes; (2) residue from acetone-ethanol 
extraction; (3) supernatant from acetone-ethanol extraction; 
(4) residue from chloroform-methanol extraction; (5) super- 
natant from chloroform-methanol extraction. (b) Auto- 
radiograph of a gel similar to that in (a). (c) Successive frac- 
tions of elute from the Sephadex LH-20 column used to 
purify the DCCD-binding protein. Gel stained with Kenacid 
blue. 
104 
Volume 130, number 1 FEBS LETTERS July 1981 
the insoluble residue into chloroform-methanol. A 
polyacrylamide gel of fractions from each stage of 
this double solvent extraction (fig.2a) and the auto- 
radiograph of a similar gel (fig.2b) show that the 
DCCD-binding protein is completely insoluble in 
acetone-ethanol, and is extracted into ckloroform- 
methanol. The protein so extracted appears to be 
almost pure by the criterion of polyacrylamide gel 
electrophoresis (fig.2a (5)), although it contains some 
low MI impurities which are probably lipids. Further 
purification was achieved by chromatography on 
Sephadex LH-20, yielding the pure material shown in 
fig.2c. 
3.3. Pur~i~a~~on of the chromaf~n-~unule DCCD- 
binding protein 
The following procedure was adopted for purifica- 
tion of the protein. When performed on membranes 
preincubated with [14C]DCCD, it yielded labelled 
protein; alternatively, the protein could be labelled 
after isolation, by incubation with [‘4C]DCCD in 
chloroform-methanol solution. 
Pure chromaffin-granule membranes (200 mg pro- 
tein, suspended in 24 ml 10 mM Hepes-NaOH 
(pH 7.0)) were treated with 600 ml acetone-ethanol 
(1: 1). After 5 min at 25°C the mixture was centri- 
fuged (IO min, I5 000 rev.~min, 4”C, in a Beckman 
JA20 rotor, gav = 18 000), the supernatant discarded, 
and the pellet resuspended in 24 ml water. Chloro- 
form-methanol (2: 1) 600 ml, was then added, and 
the mixture stirred slowly for 5 h at 4’C!, then cen- 
trifuged as before. The pellet was discarded, and the 
supernatant rotary-evaporated almost to dryness. The 
extracted material was redissolved in 10 ml chloro- 
form-methanol (2: 1 containing 4% (v/v) water) and 
applied to the top of a 30 cm X 5.1 cm2 column of 
Sephadex LH-20 pre-equilibrated with chloroform. 
The protein was eluted at room temperature with a 
500 ml linear gradient of chloroform to chloroform- 
methanol (1: I), and 35 ml fractions collected. Individ- 
ual fractions were concentrated by rotary evaporation 
and the protein contents examined by SDS-polyacryl- 
amide gel electrophoresis. Those fractions containing 
DCCD-binding protein of the highest purity were 
pooled, rotary-evaporated to dryness, redissolved in 
2 ml chloroform-methanol (2: 1) and washed 3 times 
with 0.5 ml water. The purified protein was readily 
soluble in chloroform-methanol (2: 1, containing 4% 
water), and was stored as a solution at 4°C. The 
entire procedure yielded 30-50 nmol pure protein. 
3.4. N-Terminal amino acid determination 
Attempts to determine the identity of the N-ter- 
minus of the protein have been unsuccessful, the only 
dansyl amino acids in hydrolysates of the dansyl 
chloride-treated protein being N6-dansyl lysine and 
U-dansyl tyrosine. This suggests that the amino- 
terminus is blocked, a result confirmed by the failure 
of the Edman degradation procedure to yield phenyl- 
thiohydantoin derivatives of amino acids (W, Sebald, 
personal communication), The amino-termini of 
DCCD-binding proteins from Saccharomyces cere- 
visiae mitochondria and spinach chloroplasts are also 
blocked; in each case the N-terminus is formyl- 
methionine, a result of the intra-organellar synthesis 
of the protein [t4]. However, this reason would not 
apply to the protein from chromaf~n-granules, and it 
is noteworthy that the DCCD-binding proteins of 
beef heart, mouse liver and Neurospora crassa mito- 
chondria, all of which are probably cytoplasmically 
synthesized, have unblocked N-termini [ 14,151. 
Table 1 
Amino acid content of DCCD-binding protein from 
chromaffingranule membranes 
Amino acid Analysis 1 Analysis 2 Integral figure 
Asp 3.25 2.99 3 
Thr 2.22 2.20 2 
Ser 9.69 9.56 10 
Glu 4.44 3.85 4 
Pro 3.32 2.98 3 
Gly 7.85 8.32 8 
Ala 9.24 9.14 9 
CYs 0.11 - 0 
Val 4.29 6.20 6 
Met 3.17 2.19 3 
Ile 3.45 5.03 5 
Leu 5.81 7.17 I 
Tyr 1.16 1.07 1 
Phe 2.81 3.15 3 
His 0.09 0.06 0 
LYS 2.00 2.00 2 
Arg 2.13 2.17 2 
Try .- - _ 
Each analysis is the average of results derived from 40 h and 
90 h hydrolyses, with the following exceptions: threonine 
and serine were extrapolated to zero hydrolysis time, 90 h 
hydrolysis values were used for leucine, isoleucine and valine, 
and the 40 h hydrolysis value for methionine. The methionine 
value is in agreement with that for methionine sulphone in 
the 40 h hydroiysate of performic acid-oxidized protein; this 
analysis was also used for cysteine 
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3.5. Amino acid analysis 
The amino acid content of the protein, determined 
from analysis of total acid hydrolysates and expressed 
in mo1/2 mol lysine, is shown in table 1. The integral 
value of 2 for lysine was chosen as this gave a M,-value 
in agreement with that suggested by the mobility of 
the protein on SDS-polyacrylamide gels; it also 
results in approximately integral values for the other 
amino acids (table 1). The total number of amino 
acids is 68, compared to 75 in the beef mitochondrial 
protein [ 141: this may account for the higher electro- 
phoretic mobility of the protein from chromaffin 
granules [2]. The proportion of hydrophilic amino 
acids is somewhat higher than that found in other 
DCCD-binding proteins [ 141, although the content 
of asparagine and glutamine is unknown, and the 
10 serine residues make a major contribution. This 
apparently high content of serine could derive from 
contamination of the protein with phosphatidyl 
serine, although no dansyl serine was found in hydrol- 
ysates of dansyl chloride-treated protein. 
4. Conclusion 
The protein purified from chromaffin granules is 
very similar in its properties to the low M,, DCCD- 
binding subunits of proton-translocating ATPase from 
the membranes of mitochondria, chloroplasts and 
bacteria. Nonetheless, the differences in amino acid 
content and electrophoretic mobility between the 
DCCD-binding proteins of chromaffin granules and 
mitochondria are great enough to exclude the possi- 
bility that the former is of mitochondrial origin. A 
number of lines of evidence suggest hat it is a sub- 
unit of the proton-translocating ATPase complex of 
chromaffin granule membranes: 
(i) Increasing inhibition of ATPase activity by 
DCCD correlates with increasing incorporation of 
label from [ 14C] DCCD into the protein; both 
inhibition and labelling are potentiated by ATP; 
(ii) Treatment of resealed granule ‘ghosts’ with low 
concentrations of DCCD appears to decrease the 
proton-permeability of the membrane, suggesting 
that the inhibitor blocks a proton channel [2]; 
(iii) The DCCD-binding protein co-elutes with ATPase 
activity, when chromaffin granule membrane 
components are solubilized with a non-denatur- 
ing detergent, and separated by exclusion chro- 
matography (unpublished). 
It therefore appears that the structural similarity 
found for the F, portions of chromaffin-granule and 
mitochondrial ATPases [5] may extend to the mem- 
brane segments of these enzymes. 
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